Sterol regulatory element binding proteins (SREBPs) play key roles in lipid homeostasis from yeast to humans.[@b1],[@b2] In mammals, three different SREBP isoforms, including SREBP1a, SREBP1c (also known as ADD1), and SREBP2, are encoded by two genes: *SREBF1* and *SREBF2*. SREBP1 regulates fatty acid metabolism, whereas SREBP2 controls cholesterol metabolism.[@b3] When the cellular sterol level is low, SREBP cleavage-activating protein (SCAP) escorts the SREBP precursors from the endoplasmic reticulum (ER) to the Golgi, where SREBPs are cleaved by Site-1 and Site-2 proteases.[@b4] Subsequently, the mature forms of SREBPs are translocated into the nucleus and stimulate the expression of target genes.[@b5],[@b6] SREBP1a and SREBP1c are generated through transcription from alternative promoters and splicing from a single *SREBF1* gene.

In metabolic tissues such as adipose tissue and liver, SREBP1c is the predominant isoform of SREBP1.[@b1],[@b7] SREBP1c governs *de novo* lipogenesis by stimulating its target genes, including fatty acid synthase (*FASN*), acetyl-CoA carboxylase1 (*ACC1*), steroyl-CoA desaturase1 (*SCD1*), and long-chain fatty acid elongase (*ELOVL6*).[@b8]--[@b10] Furthermore, SREBP1c is sensitively regulated by nutritional and hormonal changes to achieve energy balance. For example, SREBP1c is suppressed by fasting, whereas SREBP1c is activated by feeding in adipose tissue and liver.[@b11],[@b12] In parallel, the expression of most lipogenic genes, including *FASN*, *ACC1*, and *SCD1*, is also modulated in a fashion analogous to that of nutritionally regulated SREBP1c.[@b12]--[@b14] Accordingly, it has been reported that various hormones, such as insulin, glucagon, and adrenaline, participate in the regulation of SREBP1c and its target lipogenic genes.[@b15],[@b16] Insulin, a key postprandial hormone, stimulates the expression and activity of SREBP1c to accommodate anabolic processes, such as fatty acid synthesis, upon feeding.[@b12],[@b17] In contrast, glucagon, a key catabolic hormone, suppresses the activity of SREBP1c in fasting states, leading to a decrease in lipogenesis.[@b18]

In the nucleus, mature SREBPs are very unstable and are rapidly degraded by the proteasome.[@b19],[@b20] Previous reports have shown that SREBP1 is phosphorylated by glycogen synthase kinase-3 beta (GSK-3β), which leads to F-box and WD repeat domain-containing7 (FBXW7)-dependent ubiquitination of SREBP1.[@b21],[@b22] However, a recent *in vivo* study revealed that inhibition of FBXW7 does not alter the expression of SREBP1c or lipogenic genes in the liver.[@b23]

Although SREBP1c-mediated lipogenic program in liver is rapidly repressed by nutritional deprivations, the factors that are involved in the suppression of SREBP1c activity during fasting have not been thoroughly characterized. The finding that ring finger protein20 (RNF20) ubiquitin ligase was identified as one of the novel SREBP1c-interating proteins led us to test whether fasting signaling would promote SREBP1c degradation in an RNF20-dependent manner. In this study, we demonstrate that RNF20 promotes polyubiquitination and degradation of SREBP1c. Overexpression of RNF20 represses SREBP1c activity, leading to a decrease in the expression of lipogenic genes. In obese *db/db* mice, RNF20 overexpression alleviates hepatic steatosis by reducing the lipogenic program by way of SREBP1c down-regulation. Furthermore, activated PKA, a major signaling cascade that mediates the fasting state, induces degradation of SREBP1c by increasing RNF20 expression. Taken together, these data suggest that RNF20 plays a critical role in the regulation of hepatic lipid metabolism by modulating the protein stability and transcriptional activity of SREBP1c during hormonal changes.

Materials and Methods
=====================

Flag Affinity Purification of the SREBP1c Complex
-------------------------------------------------

Adenoviruses encoding green fluorescent protein (GFP) or Flag-SREBP1c, which contains the transcriptionally active fragment of rat SREBP1c (amino acids 1-403) fused with a Flag-tag, were used to infect primary hepatocytes. The infected hepatocytes were then gently washed with ice-cold phosphate-buffered saline (PBS) and lysed in hypotonic buffer (20 mM HEPES \[pH 7.9\], 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 0.2% \[v/v\] Nonidet P-40 \[NP-40\]) and protease inhibitor cocktail (Roche, Rotkreuz, Switzerland). After incubation in hypotonic buffer for 10 minutes, the homogenates were centrifuged at 8,000 rpm for 1 minute at 4°C and the supernatants (cytosolic fraction) were transferred to a fresh tube. The pellet was homogenized in ice-cold high salt buffer (10 mM HEPES \[pH 7.9\], 420 mM NaCl, 20% \[v/v\] glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, and protease inhibitor cocktail) on a rotating shaker for 30 minutes at 4°C and subsequently centrifuged at 12,000 rpm for 15 minutes at 4°C. Consequently, the supernatants (nuclear fraction) were incubated with anti-Flag M2-agarose affinity gel (Sigma-Aldrich, St. Louis, MO) for 2 hours at 4°C on a rotating shaker. The beads were then rinsed four times for 10 minutes each in washing buffer (20 mM HEPES \[pH 7.9\], 150 mM NaCl, 0.5 mM EDTA, 0.5 mM PMSF, 1% \[v/v\] Triton X-100, and protease inhibitor cocktail), followed by elution with sodium dodecyl sulfate (SDS) buffer (250 mM Tris-HCl \[pH 6.6\], 10% \[w/v\] SDS, 50% \[v/v\] glycerol, 500 mM DTT, and 0.5% \[w/v\] bromophenol blue). The eluates were then subjected to mass spectrometry.

Cell-Based Ubiquitination Assay
-------------------------------

COS-1 cells were transfected with plasmids encoding Myc-SREBP1c, Flag-RNF20, and HA-ubiquitin in the presence or absence of forskolin (20 μM). After transfection for 36 hours, the cells were incubated with MG132 (10 μM) for 12 hours and lysed with cold RIPA buffer. Equal amounts of total cell lysates were incubated with the Myc antibodies for 2 hours at 4°C. Immunocomplexes were collected using protein-A sepharose beads (GE Healthcare, Buckinghamshire, UK) for 1 hour at 4°C. Further, the immunoprecipitates were washed with RIPA buffer and subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by western blotting analyses with anti-HA antibodies.

Animals
-------

All animal experiments were approved by the Seoul National University Animal Experiment Ethics Committee. Male C57BL/6 mice were obtained from Samtako (Osan, Korea) and *db/db* mice were obtained from Central Lab (Seoul, Korea). The animals were housed in colony cages in 12-hour light/dark cycles. Standard chow (Purina Mills) was given *ad libitum*.

*In Vivo* Imaging System
------------------------

Ten-week-old C57BL/6 mice and 9-week-old *db/db* mice were injected through the tail vein with adenoviruses encoding GFP (Ad-Mock), RNF20 (Ad-RNF20), and FASN luciferase (Ad-FASN-luc). After 7 days, adenovirus-infected mice were injected intraperitoneally with 100 mg/kg sterile D-luciferin. The mice were then anesthetized with Zoletil and imaged using the IVIS 100 Imaging System (Xenogen) as described previously.[@b24]

Results
=======

SREBP1c Is Decreased by Ubiquitination Upon PKA Activation
----------------------------------------------------------

SREBP1c is tightly regulated by hormonal and nutritional changes to reflect the energy status.[@b15],[@b16] When we examined the protein stability of SREBP1c in the presence of cycloheximide, an inhibitor of protein synthesis, the degradation rate of nuclear SREBP1c was reduced in the presence of MG132, an inhibitor of the 26S proteasome ([Fig. 1](#fig01){ref-type="fig"}A; Supporting Fig. S1A), indicating that the rapid turnover of SREBP1c protein might be mediated by proteasomal degradation. Although it has been demonstrated that the cyclic adenosine monophosphate (cAMP)/PKA pathway is involved in the suppression of SREBP1c,[@b18],[@b25],[@b26] it is largely unknown how PKA affects SREBP1c protein stability. To address this issue, primary hepatocytes were treated with forskolin, an activator of the PKA cascade. The level of SREBP1 protein was reduced by forskolin ([Fig. 1](#fig01){ref-type="fig"}B; Supporting Fig. S1B), while that of SREBP1 protein was restored by MG132 in a dose-dependent manner ([Fig. 1](#fig01){ref-type="fig"}C; Supporting Fig. S1C), implying that PKA would be involved in the regulation of SREBP1c protein stability through the ubiquitin-proteasome system. Next, to investigate whether SREBP1c is indeed ubiquitinated by PKA activation, cell-based ubiquitination assays were carried out. As shown in [Fig. 1](#fig01){ref-type="fig"}D, forskolin efficiently polyubiquitinated the SREBP1c protein, while H-89, the inhibitor of PKA, greatly attenuated forskolin-induced SREBP1c ubiquitination. Therefore, these data suggest that SREBP1c is degraded by ubiquitination upon PKA activation.

![PKA activation decreases SREBP1c protein stability. (A) Mouse primary hepatocytes were treated with cycloheximide (20 μM) for the indicated periods with or without MG132 (20 μM) treatment for 3 hours. After the preparation of nuclear extracts, western blotting analyses were performed with the indicated antibodies. DMSO, dimethyl sulfoxide; CHX, cycloheximide; nSREBP1, nuclear SREBP1. (B) Mouse primary hepatocytes were treated with forskolin (50 μM) for 6 hours and harvested at the indicated timepoints after cycloheximide (50 μM) treatment. After isolating nuclear extracts, western blotting analyses were performed with the indicated antibodies. (C) Mouse primary hepatocytes were treated with or without forskolin (50 μM) in the presence of MG132 with the indicated dose for 4 hours. Nuclear extracts were isolated and analyzed by western blotting analyses with the indicated antibodies. (D) COS-1 cells were cotransfected with plasmids encoding Myc-SREBP1c and HA-ubiquitin. After transfection, the cells were treated with MG132 (10 μM) for 12 hours and subsequently pretreated with H-89 (20 μM) for 1 hour. Then the cells were treated with or without forskolin (20 μM) for another 3 hours. Total cell lysates were subjected to coimmunoprecipitation with anti-Myc antibody, followed by western blotting analyses with the indicated antibodies. IP, immunoprecipitation; IB, immunoblotting; IgG, immunoglobulin G. All experiments were repeated independently at least three times and representative results are shown.](hep0060-0844-f1){#fig01}

![RNF20 physically interacts with SREBP1c. (A) GST pull-down assays were performed as described in the Supporting Material. Inputs of *in vitro*-translated ^35^S-Met-labeled SREBP1c (nuclear form) and RNF20 are shown in lanes 1 and 2, respectively. Radioisotope-labeled proteins were mixed with GST or GST-SREBP1c recombinant proteins and GST pull-down analyses were performed. GST, glutathione S-transferase. (B) HEK293T cells were transiently cotransfected with Flag-SREBP1c and/or Myc-RNF20 expression vectors. After preparing total cell lysates, coimmunoprecipitation with anti-Flag antibody and western blotting analyses were performed with the indicated antibodies. IP, immunoprecipitation; IB, immunoblotting; IgG, immunoglobulin G. (C) Nuclear extracts were isolated from mouse livers and subsequently coimmunoprecipitated with IgG or the indicated antibody. Immuno-protein complexes were detected by western blotting analyses with the indicated antibodies. IgG, immunoglobulin G; nSREBP1, nuclear SREBP1. (D) Immunocytochemistry analyses of coexpressed Flag-SREBP1c and Myc-RNF20 in HeLa cells. DAPI, 4′,6-diamidino-2-phenylindole. Scale bars = 10 μm.](hep0060-0844-f2){#fig02}

RNF20 Physically Interacts With SREBP1c
---------------------------------------

To investigate which factors are involved in the degradation and ubiquitination of nuclear SREBP1c protein, we attempted to identify SREBP1c-interacting proteins; particularly, we were eager to identify an E3 ubiquitin ligase. Mouse primary hepatocytes were infected with adenovirus expressing nuclear SREBP1c, and affinity purifications were conducted. Mass spectrometry analyses indicated that RNF20 (also known as BRE1A) was a potential SREBP1c-interacting protein (Supporting Fig. S2A,B). To validate the physical interaction between RNF20 and SREBP1c, glutathione S-transferase (GST) pull-down assays were performed. Because SREBP1c forms homodimers, ^35^S-Met labeled SREBP1c was used as a positive control ([Fig. 2](#fig02){ref-type="fig"}A, lane 5). RNF20 protein was detected in the fractions eluted from the GST-SREBP1c protein complex ([Fig. 2](#fig02){ref-type="fig"}A, lane 6). Further, when we biochemically tested the physical interaction between RNF20 and SREBP1c, RNF20 was coimmunoprecipitated with SREBP1c ([Fig. 2](#fig02){ref-type="fig"}B), indicating that RNF20 could physically interact with SREBP1c. Moreover, we observed that endogenous RNF20 formed immunocomplex with endogenous SREBP1 in liver nuclear extracts ([Fig. 2](#fig02){ref-type="fig"}C). In parallel immunocytochemistry experiments, exogenous Flag-SREBP1c and Myc-RNF20 proteins colocalized in the nucleus ([Fig. 2](#fig02){ref-type="fig"}D), implying that RNF20 can interact with SREBP1c in the nucleus.

RNF20 Promotes Ubiquitination and Degradation of SREBP1c
--------------------------------------------------------

Given that the E3 ubiquitin ligase RNF20 associates with SREBP1c, the effect of RNF20 on SREBP1c stability was examined. As shown in [Fig. 3](#fig03){ref-type="fig"}A, the level of SREBP1c protein was decreased by RNF20 in a dose-dependent manner. Moreover, the RNF20-induced reduction of SREBP1c protein was alleviated by MG132 ([Fig. 3](#fig03){ref-type="fig"}A, lane 6), indicating that RNF20 would stimulate SREBP1c degradation by way of ubiquitin-proteasomal degradation. Consistent with these data, cycloheximide-chase assays revealed that the half-life of SREBP1c was shortened by ectopic expression of RNF20 ([Fig. 3](#fig03){ref-type="fig"}B). Next, as RNF20 exhibits E3 ubiquitin ligase activity, we tested whether SREBP1c is ubiquitinated by RNF20. As shown in [Fig. 3](#fig03){ref-type="fig"}C, RNF20 greatly promoted the level of SREBP1c polyubiquitination. To confirm whether endogenous RNF20 plays a role in SREBP1c ubiquitination, we investigated the effect of RNF20 knockdown by way of small interfering RNA (siRNA) on the ubiquitination of SREBP1c. We found that suppression of RNF20 relieved the level of SREBP1c polyubiquitination ([Fig. 3](#fig03){ref-type="fig"}D). These data indicate that RNF20 can act as an E3 ubiquitin ligase for SREBP1c and can accelerate polyubiquitination and degradation of SREBP1c protein.

![RNF20 mediates ubiquitination and degradation of SREBP1c. (A) HEK293T cells transfected with Flag-SREBP1c and/or Myc-RNF20 expression vectors were incubated with or without MG132 (20 μM) for 4 hours and total cell lysates were subjected to SDS-PAGE followed by western blotting analyses with the indicated antibodies. (B) COS-1 cells transfected with Myc-SREBP1c and/or Myc-RNF20 expression vectors were harvested at 0, 2, 4, and 8 hours after cycloheximide treatment (30 μM). After isolating total cell lysates, western blotting analyses were performed with the indicated antibodies. CHX, cycloheximide. (C) COS-1 cells were cotransfected with Myc-SREBP1c, HA-tagged ubiquitin, and/or Flag-RNF20 expression vectors. After incubation for 36 hours, the cells were treated with MG132 (10 μM) for 12 hours. Total cell lysates were isolated and subjected to cell-based ubiquitination assays. IP, immunoprecipitation; IB, immunoblotting; IgG, immunoglobulin G. (D) COS-1 cells were transfected with nonspecific control siRNA (siControl) or RNF20-specific siRNA (siRNF20). After incubation for 36 hours, the cells were incubated with MG132 (10 μM) for 12 hours. Total cell lysates were isolated and subjected to cell-based ubiquitination assays. The data shown are representative results of at least three independent experiments.](hep0060-0844-f3){#fig03}

RNF20 Suppresses the Transcriptional Activity of SREBP1c
--------------------------------------------------------

To understand the biological significance of SREBP1c degradation by RNF20, we investigated the transcriptional activity of SREBP1c with or without RNF20 overexpression. Consistent with previous reports,[@b12],[@b27] SREBP1c transactivated the promoters of *FASN* and adiponectin (*Acrp30*) genes, whereas coexpression with RNF20 suppressed the transcriptional activity of SREBP1c ([Fig. 4](#fig04){ref-type="fig"}A). When the level of SREBP1 protein was investigated with or without RNF20 overexpression in primary hepatocytes, RNF20 overexpression clearly decreased in endogenous and ectopic nuclear SREBP1 protein ([Fig. 4](#fig04){ref-type="fig"}B). Moreover, RNF20 overexpression indeed decreased elevated endogenous SREBP1 protein in the presence of insulin and/or T0901317, a LXR agonist (Supporting Fig. S3). Next, to address the question whether RNF20 could affect the expression of SREBP1c target genes, we analyzed the messenger RNA (mRNA) levels of its target genes in RNF20 and/or SREBP1c-overexpressing hepatocytes. In primary hepatocytes, RNF20 overexpression alone significantly decreased many lipogenic genes including *SREBP1c*, *FASN*, *SCD1*, *ACC1*, and *ELOVL6* ([Fig. 4](#fig04){ref-type="fig"}C, lane 2). Consistent with previous reports,[@b3],[@b12] SREBP1c elevated the mRNA expression of lipogenic genes such as *FASN*, *SCD1*, and *ELOVL6* in primary hepatocytes ([Fig. 4](#fig04){ref-type="fig"}C, lane 3). However, the effects of RNF20 overexpression on lipogenic suppression were marginal in SREBP1c-overexpressing hepatocytes ([Fig. 4](#fig04){ref-type="fig"}C, lane 4). It is feasible to speculate that high levels of SREBP1c protein may partly stimulate lipogenic gene expression even in the presence of RNF20 overexpression. On the other hand, overexpression of RNF20 did not significantly alter the mRNA level of other SREBP isoforms, including SREBP1a and 2 ([Fig. 4](#fig04){ref-type="fig"}C). Moreover, in primary hepatocytes, RNF20 overexpression decreased intracellular lipid accumulation as determined by Oil Red O staining ([Fig. 4](#fig04){ref-type="fig"}D). These data indicate that RNF20 can indeed down-regulate lipogenic gene expression by suppressing SREBP1c.

![RNF20 down-regulates SREBP1c transcriptional activity and the expression of SREBP1c target genes. (A) HEK293T cells were cotransfected with luciferase reporter plasmids containing the FASN or Acrp30 promoter along with pRSV-β-gal, Myc-SREBP1c, and/or Myc-RNF20 expression vectors. Total cell lysates were subjected to luciferase and β-galactosidase assays. The values are representative data from three independent experiments carried out in triplicate. Each bar represents the mean ± SD of three individual samples. \#*P* \< 0.05 versus negative control. \#\#*P* \< 0.01 versus negative control. \**P* \< 0.05. RLU, relative luminescence units. (B) Mouse primary hepatocytes were infected with adenoviruses containing GFP alone (Ad-Mock), Flag-SREBP1c (Ad-SREBP1c), and/or Myc-RNF20 (Ad-RNF20) as indicated. After infection for 12 hours, total cell lysates were subjected to SDS-PAGE followed by western blotting analyses with the indicated antibodies. nSREBP1, nuclear SREBP1. (C) Mouse primary hepatocytes were infected with Ad-SREBP1c and/or Ad-RNF20. After infection for 12 hours, the culture media were replaced with fresh media and subsequently incubated for 36 hours. The relative mRNA levels were measured using quantitative reverse-transcription polymerase chain reaction (qRT-PCR). The relative values were normalized to the level of GAPDH mRNA. Each bar represents the mean ± SD of three individual samples. \#*P* \< 0.05 versus negative control. \#\#*P* \< 0.01 versus negative control. \**P* \< 0.05. \*\**P* \< 0.01. (D) Mouse primary hepatocytes were transduced with Ad-SREBP1c and/or Ad-RNF20 adenoviruses. After incubation for 48 hours, intracellular lipid droplets were visualized by Oil Red O staining and the cells were photographed. Microscopic views of cells at a magnification of ×200 are shown. Scale bars = 100 μm.](hep0060-0844-f4){#fig04}

Suppression of RNF20 Enhances Hepatic Lipid Metabolism via SREBP1c
------------------------------------------------------------------

To determine whether endogenous RNF20 influences lipogenic activity, we investigated the effect of RNF20 suppression by way of siRNA on lipogenic gene expression in primary hepatocytes. When the level of RNF20 was decreased (by ∼25%), the mRNA levels of SREBP1c and its target genes, including *FASN* and *ELOVL6*, were significantly elevated ([Fig. 5](#fig05){ref-type="fig"}A). On the contrary, the mRNA levels of other SREBP isoforms, including SREBP1a and 2, were not altered by RNF20 suppression ([Fig. 5](#fig05){ref-type="fig"}A), whereas the level of SREBP1c mRNA was up-regulated, probably through an autoregulatory mechanism.[@b28],[@b29] Consistently, suppression of RNF20 with siRNA in primary hepatocytes increased the level of endogenous SREBP1 protein (both precursor and nuclear forms) ([Fig. 5](#fig05){ref-type="fig"}B) and promoted intracellular neutral lipid accumulation as determined by Oil Red O staining ([Fig. 5](#fig05){ref-type="fig"}C). Additionally, RNF20-suppressed hepatocytes stored more intracellular triglycerides than control primary hepatocytes ([Fig. 5](#fig05){ref-type="fig"}D). On the contrary, the mRNA expression levels of other lipogenic transcription factors, such as peroxisome proliferator-activated receptor-gamma (*PPAR*γ), liver X receptor-alpha (*LXR*α), and carbohydrate responsive element-binding protein (*ChREBP*) were not altered by RNF20 suppression ([Fig. 5](#fig05){ref-type="fig"}A; Supporting Fig. S4). Besides, the mRNA levels of fatty acid oxidation pathway genes, including peroxisome proliferator-activated receptor-alpha (*PPAR*α), carnitine palmitoyltransferase 1A (*CPT1A*), medium-chain acyl-CoA dehydrogenase (*MCAD*), and aconitase 1 (*ACO1*) were not changed by RNF20 suppression in primary hepatocytes (Supporting Fig. S4), implying that RNF20 can selectively down-regulate lipogenic gene expression via SREBP1c in hepatocytes.

![RNF20 negatively regulates hepatic lipogenesis. (A) Mouse primary hepatocytes were transfected with siControl or siRNF20 and relative mRNA levels were determined using qRT-PCR. The level of each mRNA was normalized to the mRNA level of the TATA-binding protein (TBP) gene. Each bar represents the mean ± SD of three individual samples. \**P* \< 0.05 and \*\**P* \< 0.01 were considered significant. SQS, squalene synthetase; LDLR, low-density lipoprotein receptor. (B) Mouse primary hepatocytes were transfected with siControl or siRNF20. After isolating nuclear extracts, western blotting analyses were performed with the indicated antibodies. Relative amounts of RNF20 and nuclear SREBP1 proteins were calculated using Labworks software (UVP Bioimaging System) and normalized to Lamin B1. The western blots shown are representative of three independent experiments. pSREBP1, precursor SREBP1; nSREBP1, nuclear SREBP1. (C) Mouse primary hepatocytes were transfected with siControl or siRNF20. After incubation for 48 hours, intracellular lipid droplets were visualized by Oil Red O staining and the cells were photographed. Microscopic views of cells at a magnification of ×200 are shown. Scale bars = 100 μm. (D) Intracellular triglyceride contents were measured biochemically.](hep0060-0844-f5){#fig05}

Expression of Hepatic RNF20 Is Nutritionally Regulated
------------------------------------------------------

Nutritional and hormonal changes coordinate energy homeostasis, including lipid and glucose metabolism. Thus, we examined whether the nutritional status might modulate hepatic RNF20 expression. In the liver of fasted mice, the expression of RNF20 mRNA was significantly increased ([Fig. 6](#fig06){ref-type="fig"}A), whereas that of SREBP1c and FASN mRNA was decreased. These observations indicate that the change in RNF20 expression might be associated with the regulation of SREBP1c during nutritional changes. In contrast, the mRNA level of FBXW7, an E3 ligase of SREBP proteins, was unchanged by either feeding or fasting conditions ([Fig. 6](#fig06){ref-type="fig"}A). Upon fasting, glucagon stimulates the PKA cascade to regulate lipid and glucose metabolism to accomplish catabolic responses.[@b14],[@b30] Thus, to address the question of whether RNF20 expression might be regulated by PKA activation, we examined the level of RNF20 mRNA in hepatocytes with or without forskolin. Notably, forskolin increased the level of RNF20 mRNA, whereas it decreased SREBP1c and SCD1 mRNA levels ([Fig. 6](#fig06){ref-type="fig"}B). Furthermore, in primary hepatocytes, both glucagon and forskolin increased the RNF20 protein level and decreased the nuclear SREBP1 protein level ([Fig. 6](#fig06){ref-type="fig"}C). Next, to determine whether cytosolic or nuclear RNF20 is regulated upon PKA activation, cytosolic and nuclear extracts were isolated from hepatoma cells with or without forskolin treatment. As shown in [Fig. 6](#fig06){ref-type="fig"}D, forskolin enhanced the nuclear RNF20 protein level and reduced the nuclear SREBP1 protein level. The results from a cell-based ubiquitination assay revealed that RNF20 increased the level of SREBP1c polyubiquitination in the presence of forskolin (data not shown). However, unlike RNF20, FBXW7 expression was not altered by forskolin ([Fig. 6](#fig06){ref-type="fig"}B). In addition, we investigated the mRNA levels of SREBP1c target genes in RNF20-suppressed hepatocytes treated with forskolin. As shown in [Fig. 6](#fig06){ref-type="fig"}E, the mRNA levels of lipogenic genes such as *SREBP1c*, *FASN*, and *SCD1* were decreased by forskolin, whereas RNF20 suppression by way of siRNA restored the expression of lipogenic genes, even in the presence of forskolin ([Fig. 6](#fig06){ref-type="fig"}E). To understand whether RNF20 is involved in the PKA-dependent SREBP1c ubiquitination, we examined the level of SREBP1c ubiquitination upon PKA activation with RNF20 suppression. As shown in [Fig. 6](#fig06){ref-type="fig"}F, knockdown of RNF20 with siRNA successfully decreased the level of PKA-mediated SREBP1c ubiquitination, implying that PKA-dependent SREBP1c degradation would require RNF20. These data strongly indicate that RNF20 is a negative regulator of SREBP1c and the lipogenic program upon PKA activation in hepatocytes.

![Hepatic RNF20 is regulated by nutritional changes. (A) The level of each mRNA in the livers of fed and fasted mice were determined by qRT-PCR analysis. The TBP mRNA level was used for normalization. The fed control (Fed) was allowed free access to food and the fasted groups (Fast) were denied access to food for 24 hours. The refed group (Refed) was allowed free access to food for 7 hours after 24 hours of fasting. n = 4 for each group. \**P* \< 0.05 and \*\**P* \< 0.01 were considered significant. (B) Mouse primary hepatocytes were incubated with or without forskolin (+ indicates 10 μM forskolin and ++ indicates 100 μM forskolin) for 6 hours. Each relative mRNA level was determined using qRT-PCR and normalized to the TBP mRNA level. As a positive control, the expression of G6Pase mRNA was greatly enhanced by forskolin. Each bar represents the mean ± SD of three individual samples. \**P* \< 0.05 and \*\**P* \< 0.01 were considered significant. N.D., not detected. (C) Mouse primary hepatocytes were incubated with glucagon (100 nM) or forskolin (50 μM) for 4 hours. Total cell lysates were subjected to western blotting analyses with the indicated antibodies. nSREBP1, nuclear SREBP1. (D) H4IIE rat hepatoma cells were incubated with forskolin (50 μM) for 5 hours. Cytosolic and nuclear extracts were subjected to western blotting analyses with the indicated antibodies. The results are representative of three independent experiments. (E) Mouse primary hepatocytes transfected with siControl or siRNF20 were incubated with forskolin (10 μM) for 6 hours. The level of each mRNA was determined using qRT-PCR and normalized to the TBP mRNA level. Each bar represents the mean ± SD of experiments carried out in triplicate. \**P* \< 0.05 and \*\**P* \< 0.01 were considered significant. (F) COS-1 cells were cotransfected with DNA plasmids and siRNAs as indicated. After incubation for 36 hours, the cells were incubated with MG132 (10 μM) for 12 hours and subsequently treated with forskolin (20 μM) for 4 hours. Then the cells were treated with or without forskolin (20 μM) for another 3 hours. Total cell lysates were isolated and subjected to cell-based ubiquitination assays. IP, immunoprecipitation; IB, immunoblotting; IgG, immunoglobulin G.](hep0060-0844-f6){#fig06}

RNF20 Represses Hepatic Lipid Metabolism *In Vivo*
--------------------------------------------------

To further examine whether RNF20 confers hepatic lipid metabolism via SREBP1c *in vivo*, adenovirus-expressing RNF20 was intravenously injected into wild-type mice. In agreement with the above data, *in vivo* RNF20 overexpression decreased the level of hepatic SREBP1 protein ([Fig. 7](#fig07){ref-type="fig"}A). Consistently, the hepatic triglyceride level was decreased by RNF20 overexpression ([Fig. 7](#fig07){ref-type="fig"}B). To confirm the possibility that the decrease in hepatic lipid metabolism is mediated by RNF20-dependent SREBP1c suppression, we tested FASN promoter activity *in vivo*. As shown in [Fig. 7](#fig07){ref-type="fig"}C, optical *in vivo* imaging analyses revealed that adenoviral RNF20 overexpression repressed FASN promoter activity compared with control mice. In addition, we found that the expression of lipogenic genes such as *SREBP1c*, *FASN*, *SCD1*, and *ELOVL6* was significantly attenuated in the liver of RNF20-overexpressing mice ([Fig. 7](#fig07){ref-type="fig"}D). However, hepatic RNF20 overexpression did not significantly alter the mRNA level of other SREBPs such as SREBP1a and 2 ([Fig. 7](#fig07){ref-type="fig"}D). Moreover, adenovirally overexpressed RNF20 *in vivo* did not change the mRNA levels of other lipogenic transcription factors, including *PPAR*γ, *LXR*α, and *ChREBP*, and fatty acid oxidation pathway genes in liver ([Fig. 7](#fig07){ref-type="fig"}D; Supporting Fig. S5). Thus, these *in vivo* data confirm the notion that RNF20 plays an important role in the regulation of hepatic lipogenesis via SREBP1c.

![RNF20 overexpression inhibits the hepatic lipogenic program *in vivo*. (A) Ten-week-old male C57BL/6 mice were infected through the tail vein with adenovirus encoding GFP (Ad-Mock) as the control or mouse RNF20 (Ad-RNF20) (adenoviral dose of 1 × 10^10^ viral particles per mouse). After 7 days of adenoviral injection, the mice were sacrificed in fed states. The expression levels of RNF20, nSREBP1, and FASN protein in the livers of mice infected with Ad-Mock or Ad-RNF20 were monitored by western blotting analyses. nSREBP1, nuclear SREBP1. (B) The hepatic triglyceride level was measured from 100 mg liver tissue as described in the Supporting Material. \**P* \< 0.05 was considered significant (versus the Ad-Mock control group). (C) Live imaging of *in vivo* FASN-luciferase (FASN-luc) activity in response to RNF20 overexpression in C57BL/6 mice. *In vivo* luminescence was measured 7 days postadenoviral infection as described in the Materials and Methods. (D) In C57BL/6 mouse liver injected Ad-Mock or Ad-RNF20, the effects of adenoviral RNF20 overexpression on lipogenic gene expression were determined by qRT-PCR analyses. The level of TBP mRNA was used for normalization. Each mRNA level is shown as a ratio relative to the Ad-Mock control group. \**P* \< 0.05 was considered significant (versus the Ad-Mock control group). n = 3 for each group in panel A, and n = 4 for each group in all other panels.](hep0060-0844-f7){#fig07}

RNF20 Alleviates Hepatic Steatosis in *db/db* Mice
--------------------------------------------------

Several obese rodent animals, including *db/db* mice, exhibit hepatic steatosis with enhanced SREBP1c and lipogenic activity.[@b31]--[@b33] To investigate whether RNF20 overexpression might alleviate fatty liver through the regulation of SREBP1c, RNF20 was overexpressed by adenovirus in the liver of *db/db* mice. In *db/db* mice, adenoviral overexpression of RNF20 did not cause major differences in body weight and fasting blood glucose (Supporting Fig. S6A,B). Similar to lean mice, hepatic RNF20 overexpression decreased both precursor and nuclear forms of SREBP1 protein in *db/db* mice ([Fig. 8](#fig08){ref-type="fig"}A). In accordance with reduced SREBP1 expression, hepatic steatosis was alleviated by RNF20 overexpression in *db/db* mice ([Fig. 8](#fig08){ref-type="fig"}B,D; Supporting Fig. S6D). Furthermore, hepatic RNF20 overexpression in *db/db* mice significantly lowered FASN promoter activity ([Fig. 8](#fig08){ref-type="fig"}C) and reduced the expression of lipogenic genes ([Fig. 8](#fig08){ref-type="fig"}E). However, similar to lean mice, hepatic RNF20 overexpression in *db/db* mice did not alter the mRNA levels of fatty acid oxidation pathway genes (Supporting Fig. S6C), indicating that hepatic RNF20 overexpression would alleviate hepatic steatosis by suppression of SREBP1c and lipogenic gene expression. Next, to investigate whether hepatic RNF20 might be involved in glucose homeostasis in diabetic *db/db* mice, oral glucose tolerance tests were examined. As shown in [Fig. 8](#fig08){ref-type="fig"}F, RNF20 overexpression improved glucose intolerance in *db/db* mice. Together, these data propose the idea that hepatic RNF20 might also affect the regulation of whole body energy metabolisms such as lipid and glucose.

![RNF20 overexpression alleviates hepatic steatosis in *db/db* mice. (A) Nine-week-old male *db/db* mice were infected through the tail vein with adenovirus encoding GFP or RNF20 (adenoviral dose of 2 × 10^10^ viral particles per mouse). After 7 days of adenoviral injection, the mice were sacrificed in fed states. The liver tissue was then subjected to SDS-PAGE followed by western blotting analyses with the indicated antibodies. n = 3 for each group. (B) The level of hepatic triglycerides was measured from 100 mg liver tissue in *db/db* mice infected with each adenovirus. n = 5 for each group. \**P* \< 0.05 was considered significant (versus the Ad-Mock control group). (C) Live imaging of *in vivo* FASN-luciferase (FASN-luc) activity in response to RNF20 overexpression in *db/db* mice. n = 2 for each group. (D) Representative hematoxylin and eosin (H&E) and Oil Red O staining of liver sections of *db/db* mice infected with Ad-Mock or Ad-RNF20. Scale bars = 100 μm. See also Supporting Fig. S6D. (E) The relative mRNA levels of various lipogenic genes in the livers of *db/db* mice infected with Ad-Mock or Ad-RNF20. Each mRNA level was determined by qRT-PCR analyses and normalized to the TBP mRNA level. Each relative mRNA level is presented as a ratio relative to the Ad-Mock-infected *db/db* control group. n = 3 for each group. \**P* \< 0.05 and \*\**P* \< 0.01 were considered significant (versus the Ad-Mock control group). (F) *db/db* mice were infected with Ad-Mock or Ad-RNF20 and subjected to oral glucose tolerance test. n = 5 at each timepoint. \**P* \< 0.05 and \*\**P* \< 0.01 were considered significant (versus the Ad-Mock control group). This result was confirmed by area-under-the-curve (AUC) analysis.](hep0060-0844-f8){#fig08}

Discussion
==========

Due to its key roles in lipid metabolism, several metabolic diseases are associated with SREBP1c dysregulation. Both animal models and human subjects with obesity and diabetes mellitus often suffer from hepatic steatosis and hyperlipidemia, accompanied by elevated SREBP1c.[@b31]--[@b33] Thus, elucidation of the molecular mechanisms of SREBP1c function and its lipogenic activity under physiological conditions is important. SREBP1c is controlled by several different mechanisms, including transcriptional regulation, proteolytic maturation, and posttranslational modifications.[@b19]--[@b21],[@b34]--[@b37] It has been reported that PKA, one of the fasting-induced kinases, phosphorylates SREBP1c and consequently suppresses lipogenic activity.[@b18] However, the factors that are involved in SREBP1c degradation under fasting conditions are poorly understood. Here, we demonstrated that SREBP1c protein is ubiquitinated and degraded by an E3 ubiquitin ligase concurrent with PKA activation during fasting.

RNF20 was first identified as yeast Bre1 and possesses a RING finger domain that primarily functions as an E3 ligase for histone H2B monoubiquitination, which regulates transcription of certain genes.[@b38]--[@b40] In addition, it has been reported that knockdown of RNF20 leads to abrogation of H2B monoubiquitination and elevated expression of several proto-oncogenes for tumorigenesis, indicating that RNF20 could act as a tumor suppressor protein.[@b41],[@b42] However, to date, there is no report that RNF20 could selectively regulate hepatic lipid metabolism. In this work, we identified that RNF20 would act as a negative regulator of hepatic lipid metabolism in an SREBP1c-dependent pathway. Several lines of evidence from our *in vitro* and *in vivo* data support the above idea. First, ectopic expression of RNF20 repressed SREBP1c and lipogenic gene expression in primary hepatocytes ([Fig. 4](#fig04){ref-type="fig"}) and mouse liver ([Figs. 7](#fig07){ref-type="fig"}, [8](#fig08){ref-type="fig"}). Second, the level of nuclear SREBP1 protein and the expression of its target genes were increased by RNF20 knockdown in primary hepatocytes, accompanied by augmentation of intracellular lipid accumulation ([Fig. 5](#fig05){ref-type="fig"}). Moreover, the mRNA levels of other lipogenic factors, such as *PPAR*γ, *LXR*α, and *ChREBP*, and fatty acid oxidation pathway genes were not significantly altered by RNF20-overexpressing or suppressing conditions ([Figs. 5](#fig05){ref-type="fig"}A, [7](#fig07){ref-type="fig"}D, 8E; Supporting Figs. S4, S5, S6C), indicating that RNF20 would control hepatic lipid metabolism through SREBP1c modulation.

In order to examine the effect of RNF20 on other SREBP isoforms such as SREBP1a and 2, we tested the effect of RNF20 on degradation of SREBP1a and 2. As shown in Supporting Fig. S7A, RNF20 was also able to induce the degradation of nuclear SREBP1a and 2, implying that RNF20 may regulate the stability of all isoforms of SREBP proteins, at least in an *in vitro* cell culture system. Although RNF20 may influence hepatic lipid metabolism by way of SREBP1a, 1c, and/or 2, several current *in vitro* and *in vivo* data supported the idea that hepatic lipid metabolism would be primarily regulated by SREBP1c rather than 1a or 2 ([Figs. 4](#fig04){ref-type="fig"}C, [5](#fig05){ref-type="fig"}A, [6](#fig06){ref-type="fig"}E, [7](#fig07){ref-type="fig"}D, [8](#fig08){ref-type="fig"}E). Nevertheless, future studies are necessary to clarify whether RNF20 might be involved in the regulation of other SREBP isoforms *in vivo*.

Next, to test the possibility that the expression of hepatic RNF20 might be altered in pathophysiological conditions, we examined the mRNA level of hepatic RNF20 by comparison with *db*/+ versus *db/db* and normal-chow diet versus high-fat diet-fed mice. Although the levels of lipogenic genes such as *SREBP1c*, *FASN*, and *SCD1* were increased in the liver of insulin-resistant mouse models, the level of hepatic RNF20 was not significantly altered (Supporting Fig. S8A,B). Thus, it is likely that RNF20 might regulate lipogenic activity upon hormonal changes in normal conditions rather than pathophysiological conditions. However, since overexpression of hepatic RNF20 markedly improved glucose intolerance in diabetic *db/db* mice ([Fig. 8](#fig08){ref-type="fig"}F), we cannot exclude the possibility that hepatic RNF20 might affect glucose metabolism *in vivo*. Further studies are required to understand the detailed mechanisms for the role of RNF20 in whole body energy homeostasis.

Recently, it has been demonstrated that SREBP1c is dynamically modified by various posttranslational modifications. For example, SIRT1 promotes the deacetylation-mediated ubiquitination of SREBP1c and represses lipogenic activity during fasting.[@b36],[@b43] Additionally, another study showed that fasting-induced cyclin-dependent kinase 8 (CDK8) phosphorylates and sequentially degrades SREBP1c.[@b44] Although it is unknown whether RNF20-mediated ubiquitination of SREBP1c might be required for prerequisite posttranslational modifications under catabolic conditions, we cannot exclude the possibility that any modification of SREBP1c might change the association between RNF20 and SREBP1c and/or E3 ligase activity of RNF20 during fasting.

In addition to RNF20, FBXW7 is another E3 ubiquitin ligase for SREBP1.[@b21] FBXW7-dependent SREBP1 degradation requires for GSK-3β-mediated phosphorylation of SREBP1.[@b21],[@b35] It is of interest to note that RNF20 would induce the ubiquitination and degradation of SREBP1c upon PKA activation. In contrast, the expression level of FBXW7 was not altered by nutritional states such as feeding and fasting ([Fig. 6](#fig06){ref-type="fig"}A). Furthermore, PKA activation did not change the level of FBXW7. Given that PKA plays a crucial role in immediate catabolic responses, PKA activation with forskolin significantly decreased lipogenic gene expression with an increase in RNF20 in primary hepatocytes, whereas suppression of RNF20 reversed the effect of forskolin on lipogenic gene expression ([Fig. 6](#fig06){ref-type="fig"}E), indicating that RNF20 might mediate the PKA signaling cascade to down-regulate hepatic lipid metabolism via SREBP1c degradation. Additionally, it has been reported that suppression of FBXW7 *in vivo* causes fatty liver through the induction of PPARγ rather than SREBP1c.[@b23] On the contrary, RNF20 overexpression did not affect the protein levels of PPARγ and LXRα (Supporting Fig. S7B), implying that RNF20 functions as a "turn-off" switch in hepatic lipogenesis through the regulation of SREBP1c, but not PPARγ, protein stability. Therefore, our data clearly support the hypothesis that RNF20 acts as a negative regulator of SREBP1c and hepatic lipogenesis under catabolic conditions.

Here, we elucidated a novel mechanism of ubiquitination and degradation of SREBP1c by RNF20 during nutritional deprivation. It is plausible to speculate that RNF20 is a suppressor of hepatic lipogenesis through the down-regulation of SREBP1c upon PKA activation. Furthermore, our data provide a clue to understand how SREBP1c is rapidly regulated by fasting signals to prevent excess lipid metabolism. Because there is a positive correlation between lipogenic activity and metabolic complications such as obesity, nonalcoholic fatty liver disease (NAFLD), and certain cancers, it is likely that treatments that activate RNF20 might be useful tools for ameliorating metabolic disorders associated with increased lipid metabolism.

We thank Dr. Jae Hong Seol (Seoul National University) for helpful discussions and Yoon Jeong Park for proofreading the article.

ACC1

:   acetyl-CoA carboxylase1

db/db

:   leptin receptor-deficient

ELOVL6

:   long-chain fatty acid elongase

FASN

:   fatty acid synthase

FBXW7

:   F-box and WD repeat domain-containing7

HMGCR

:   HMG-CoA reductase

PKA

:   protein kinase A

RNF20

:   ring finger protein20

SCD1

:   steroyl-CoA desaturase1

SREBP1c

:   sterol regulatory element binding protein1c

Ub

:   ubiquitin
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